Abstract: A simple method for imaging ultrasonic fields in clear media is introduced. A modulated laser source is used to project the ultrasonic field onto a CCD camera. By use of the source-synchronized lock-in detection scheme, 2D images of the amplitude and phase distributions can be determined simultaneously. This technique is experimentally demonstrated with a 1-MHz and a 3.5-MHz ultrasonic transducer operated in continuouswave mode. This method is very straightforward to implement and can be combined with the traditional tomographic reconstruction technique to obtain the 3D distribution of an ultrasonic field.
Introduction
Because of the advantage of noninvasive measurements, various optical techniques, such as the Bragg diffraction, 1 Schlieren imaging, 2 Raman-Nath diffraction, 3 and TV holography, 4 have been used to map ultrasonic fields. Most of these methods except TV holography must use some scanning mechanisms to acquire an image. Using a speckle interferometer with a video camera in TV holography, one can measure the amplitude and phase information of an ultrasonic field simultaneously. TV holography has been successfully applied to the investigation of ultrasonic fields in clear media and water. 5 In this letter, we demonstrate a simple method for mapping the projection of an ultrasonic field by using a source-synchronized parallel lock-in detection scheme. 6 The illuminating light is modulated at the frequency of the ultrasonic field. The pressure and phase distributions of a 1-MHz and a 3.5-MHz ultrasonic transducer operated in continuous-wave (cw) mode are obtained by this method. A comparison of the experimental and theoretical results is also provided.
Method
The experimental setup is shown in Fig. 1 . The ultrasonic transducer is immersed in a 10-cm x 15-cm x 15-cm glass tank containing clear water. A 5-cm thick rubber slab is placed at the bottom of the tank to prevent reflection of ultrasound from the bottom of the tank. The laser beam from a diode laser (693 nm, Melles Griot 56IMS667) illuminates the ultrasonic field after beam expansion. The transmitted light is projected onto the CCD camera (Dalsa CA-D1-0256T) through an imaging lens. Two function generators (Stanford Research Systems, DS345) are used to excite the ultrasonic transducer and modulate the diode laser, respectively. The two function generators share the same time base to ensure synchronization. The function generators and the CCD camera are controlled by a personal computer. The ultrasonic transducer is mounted on a translation stage which is movable vertically (along the X axis). By moving the transducer along the X axis, different segments of the ultrasonic field can be imaged. A coordinate system is setup as shown in Fig. 1 . The X axis is on the acoustic axis pointing to the ultrasonic transducer. The Y axis is perpendicular to both the acoustic and optical axes. The Z axis is along the optical axis pointing to the CCD camera.
The CCD camera is positioned before the focal plane of the imaging lens. In other words, we are working in the near-field region. In the Raman-Nath acousto-optic interaction regime, the near-field light intensity diffracted by an ultrasonic wave with frequency Ω is:
where I i is the incident laser intensity, C is a constant, J n is the nth order Bessel function of the first kind, υ x,y and Φ x,y are respectively the effective Raman-Nath parameter and the effective phase of the ultrasonic field along the projection path, 5 ϕ is the initial phase of the ultrasonic wave, and Z is a normalized parameter defined as:
where L is the interaction length between the ultrasonic field and the light, λ and Λ are respectively the optical wavelength and the acoustic wavelength, n 0 is the refractive index of the medium. The effective pressure P can be derived from the Raman-Nath parameter as:
where ∂n/∂p is the piezo-optical coefficient of the medium. The incident laser I i intensity is also modulated at the frequency Ω: I i = I 0 + I 0 cos(Ωt). The CCD camera acts as a low-pass filter because of its low running frequency relative to Ω. Considering J 1 (x) ≅ x/2 at small x, the signal detected by the CCD camera can be written as:
where <I(x,y,Z,t)> t is the time average of the received light intensity in the exposure period of the CCD camera and C 1 =Csin(2 π Z). In the experiment, the phase of the signal applied to the ultrasonic transducer is set sequentially to 0°, 90°, 180°, 270° relative to the signal applied to the diode laser. The corresponding four frames of CCD images are acquired to calculate the amplitude and phase distributions of the ultrasonic field. The pressure-related Raman-Nath parameter υ x,y and the phase Φ x,y can be obtained as: 
The Raman-Nath parameter can be converted to effective pressure by Eq. (3) if the piezooptical coefficient of the medium is known.
Results and Discussion
In the experiment, a ruler placed on the acoustic axis is imaged by the CCD camera to calibrate the magnification of the system. Figure 2 shows the ultrasonic field of a 1-MHz transducer (Panametrics V314-1.0/0.75) operated in cw mode with a focal length of 2.54 cm. The gray-scale images are obtained by combining three images corresponding to different ultrasonic-field segments. In the amplitude image, white color refers to the higher intensity and black color the lower intensity. In the phase image, the phase is wrapped between [−π, +π]. 
where p(r, t) is the pressure as a function of the spatial position r and time t, C' is a constant, p(s) is the pressure distribution on the surface of the ultrasonic transducer, Ω is the angular frequency of the ultrasonic wave, φ is the phase delay between a point on the transducer surface and the observation point, and d is the distance between a point on the transducer surface and the observation point. The integration is over the surface of the transducer. As shown in Fig. 2 , the experimental result and the theoretically modeled result agree with each other very well in the far field. In the near field, the difference is caused by the projection nature of the experiment. In the projection measurement, the measured amplitude corresponds to an effective pressure along the optic projection line in the ultrasonic field. More accurate results can be obtained by reconstruction 5 as in the traditional tomographic measurements. Figure 3(a) shows the 1D amplitude profiles along the horizontal direction (Y axis in Fig. 1 ) at the focus point (2.54 cm) obtained experimentally and theoretically. The measured FWHM (full width at half maximum) of ~2.1 mm is very close to the theoretical value of 2.2 mm. Figure 3(b) shows a plot of the phase along the acoustic axis of the transducer (X axis in Fig. 1 ). The measured period of the phase is ~1.43 mm, which is close to the wavelength of 1-MHz ultrasonic wave in water (1.48 mm). This method can also be applied to mapping ultrasonic fields of higher frequencies. The amplitude and phase distributions of a 3.5-MHz ultrasonic transducer are shown in Fig. 4 to demonstrate this point. 
Conclusion
A simple method for investigating the ultrasonic field has been introduced in this letter. This method is based on a source-synchronized parallel lock-in detection scheme. The illumination light is modulated at the same frequency as the ultrasonic transducer and detected by a CCD camera after passing through the ultrasonic field. The amplitude and phase information can be measured simultaneously. This method can also be extended for tomographic measurements by rotating the transducer, which will furnish more accurate information. As with all other projection measurements, the application of this method is limited to weak acousto-optic interaction in which ray bending is negligible. Further theoretical studies as well as more accurate experimental calibration will be helpful for quantitative studies of ultrasonic fields by this method.
